This study provides new insights into hepatocyte heterogeneity, namely 2c hepatocytes are preferentially localized to the pericentral region, and a subpopulation of 2c hepatocytes show liver progenitor cell-like features in terms of liver progenitor cell marker expression (Axin2, Prom1, and
Adult rat
Isolation of hepatocytes with different ploidy statuses SUMMARY By using rat hepatocytes with different ploidy statuses, a bulk transcriptome and single-cell quantitative reversetranscription polymerase chain reaction show that diploid hepatocytes are preferentially located in the pericentral region. Single-cell analysis further identifies a subpopulation within the 2c hepatocytes that co-express the mature hepatocyte markers and liver progenitor cell markers.
BACKGROUND & AIMS:
There is a long-standing debate regarding the biological significance of polyploidy in hepatocytes. Recent studies have provided increasing evidence that hepatocytes with different ploidy statuses behave differently in a context-dependent manner (eg, susceptibility to oncogenesis, regenerative ability after injury, and in vitro proliferative capacity). However, their overall transcriptomic differences in a physiological context is not known.
METHODS: By using microarray transcriptome analysis, we investigated the heterogeneity of hepatocyte populations with different ploidy statuses. Moreover, by using single-cell quantitative reverse-transcription polymerase chain reaction (scPCR) analysis, we investigated the intrapopulational transcriptome heterogeneity of 2c and 4c hepatocytes.
RESULTS: Microarray analysis showed that cell cycle-related genes were enriched in 8c hepatocytes, which is in line with the established notion that polyploidy is formed via cell division failure. Surprisingly, in contrast to the general consensus that 2c hepatocytes reside in the periportal region, in our bulk transcriptome and scPCR analyses, the 2c hepatocytes consistently showed pericentral hepatocyte-enriched characteristics. In addition, scPCR analysis identified a subpopulation within the 2c hepatocytes that co-express the liver progenitor cell markers Axin2, Prom1, and Lgr5, implying the potential biological relevance of this subpopulation.
their DNA content increases. In the adult rodent liver, up to 90% of hepatocytes are polyploid under physiological conditions. 5 The majority of polyploid hepatocytes are tetraploid (4c), but some are octoploid (8c) or even greater (!16c). Although awareness of this heterogeneity is not new, whether hepatocytes with different ploidy statuses have different characteristics is still under debate. Recent studies have provided evidence that hepatocytes with distinct ploidy statuses have different phenotypes. For example, Wang et al 6 showed that pericentral Axin2 þ hepatocytes are enriched with a 2c population and Axin2 þ 2c hepatocytes contribute to hepatocyte turnover and the maintenance of liver homeostasis. Our group found that 2c hepatocytes, in response to growth stimuli (ie, a small molecule cocktail), acquired a higher in vitro proliferative capacity than that of their 4c and 8c counterparts. 7 Similarly, Wilkinson et al 8 reported that the polyploid state restricts hepatocyte proliferation and liver regeneration. On the other hand, the hepatocyte polyploidization prevents tumorigenesis by decreasing their susceptibility to genomic aberrations. 8, 9 These reports suggested that ploidy status affects the phenotype of hepatocytes; however, the studies have been focused on specific processes. More comprehensive analyses are required to gain broader, more holistic insights into this phenomenon.
In this study, we performed a microarray analysis to compare the transcriptomes of 2c, 4c, and 8c rat hepatocytes. In addition, to address any potential transcriptomic heterogeneity in hepatocytes with different ploidy statuses, we performed single-cell quantitative reverse-transcription polymerase chain reaction (scPCR) using a set of hepatocyte and liver progenitor cell (LPC) marker genes. Contrary to the widely accepted notion that 2c hepatocytes reside in the periportal region, 5,10-13 both our bulk transcriptome and scPCR results showed that 2c hepatocytes are preferentially located in the pericentral region. In addition, scPCR analysis showed the existence of a progenitor-like population of 2c hepatocytes.
Results

Microarray Transcriptome Analysis Identified 8c Hepatocytes as Cells With Typical Polyploid Characteristics
By using freshly isolated rat adult hepatocytes, we obtained 2c, 4c, and 8c hepatocytes using fluorescenceactivated cell sorting (FACS) based on the fluorescence intensity of the DNA stain Hoechst 33342 ( Figure 1A ). We validated the accuracy of this sorting method by performing microscopic observations, which confirmed that none of the cells sorted into the 2c population were binucleated, whereas 42.0% ± 4.44% and 92.0% ± 7.10% of 4c-and 8csorted cells were binucleated, respectively (means ± SEM) ( Figure 1B and C). Importantly, by phase-contrast imaging, we confirmed that the nucleus size of the mononucleated hepatocytes in the 4c fraction was larger than that in the 2c fraction ( Figure 1B) . Likewise, the nucleus size of the binucleated hepatocytes in the 8c fraction was larger than that in the 4c fraction ( Figure 1B) . We next performed a microarray transcriptome analysis on the sorted populations of hepatocytes. After excluding probes without gene annotations and those with low expression levels (see the Materials and Methods section for details), we performed hierarchical clustering analysis at the whole-transcriptome level. As shown in Figure 2A , we did not observe a clear difference between 2c, 4c, and 8c hepatocytes. As expected, the expression levels of typical hepatocyte marker genes, including Serpina1, Tf, and Ttr, were almost the same in these 3 populations ( Figure 2B) , with an exception of the expression level of Hnf4a in 2c hepatocytes, which was slightly but significantly lower than the 8c counterpart.
Under physiological conditions, the polyploidization of hepatocytes is caused by cytokinesis failure during the cell cycle. 3, 4 We found that most of the gene ontology (GO) bioprocess pathways enriched in 8c hepatocytes were associated with the cell cycle ( Figure 2C ). This observation was supported further by gene signature enrichment analysis ( Figure 2D ). Furthermore, we confirmed that the representative cell cycle-and cell division-associated genes were expressed at higher levels exclusively in 8c hepatocytes ( Figure 2E ). These results collectively show that the transcriptomes were overall similar among hepatocytes with different ploidy statuses, with the exception of the transcriptome of 8c hepatocytes. Thus, the transcriptome data are consistent with known differences between hepatocytes with different polyploidy statuses, indicating that the analysis was valid and biologically relevant.
2c Hepatocytes Show a Zone 3-Enriched Gene Signature
We reported previously that 2c hepatocytes and, to a lesser extent, 4c hepatocytes have in vitro colony forming ability in the presence of proliferative signals, whereas 8c hepatocytes do not 7 (reproduced in this study, as shown in Figure 3A and B). This finding emphasizes that, although the overall transcriptome is similar between 2c, 4c, and 8c hepatocytes, there must still be undetected differences among these populations. Indeed, unlike the hierarchical clustering analysis, in a principal component analysis (PCA), although the first principal component (PC1) did not separate the hepatocytes with different ploidy statuses, PC2 separated 2c hepatocytes from 4c and 8c hepatocytes ( Figure 4A ). As indicated by the plot labels in Figure 4A , PC1 reflects the variance derived from the batch difference of microarray experiments. Given this technical issue, PC2-based information suggests that 2c hepatocytes have distinct phenotypes from 4c and 8c hepatocytes.
We further investigated for differentially expressed genes among these 3 populations. After filtering the probes with P values less than .05, determined by repeatedmeasures (RM) 1-way analysis of variance (ANOVA), we identified 3080 probes that were differentially expressed among 2c, 4c, and 8c hepatocytes. By using these probes, we performed hierarchical clustering, which confirmed that the 2c hepatocytes were distinct from the other 2 fractions ( Figure 4B ). A GO analysis identified multiple bioprocess pathways that were enriched in 2c hepatocytes. However, despite careful analysis, we could not identify meaningful patterns within these GO terms. We did not find any GO bioprocess pathways enriched in 4c hepatocytes, suggesting that these cells share most of the features of 2c and 8c hepatocytes.
We next asked whether ploidy status is associated with hepatic zone. The structure of the liver lobule generally is divided into 3 regions: zone 1 (periportal region), zone 3 (pericentral region), and zone 2 (intermediate region between zone 1 and zone 3). This hepatic zonation is the most well-characterized factor affecting the heterogeneity of hepatocytes in terms of phenotype, such as those related to metabolic and secretory functions. [14] [15] [16] [17] We examined the expression of genes that have been reported to be enriched in zone 1, zone 2, and zone 3 hepatocytes. 18 We found that multiple zone 3-enriched genes were expressed at significantly higher levels in 2c hepatocytes ( Figure 4C ), including Glul (P ¼ 2.1 Â 10 -5 ), Cyp7a1 (P ¼ 3.4 Â 10 -3 ), and Slc1a2 (P ¼ 2.7 Â 10 -5 ). We then manually prepared a "zone 3 signature gene set" by assembling 67 genes that were enriched significantly in zone 3 hepatocytes as reported by Halpern et al. Gene signature enrichment analysis showed that this zone 3 signature gene set was enriched significantly in 2c hepatocytes (nominal P ¼ .0082) ( Figure 4D and E). Consistently, 2c hepatocytes had higher Wnt signaling activity, a characteristic of the pericentral region ( Figure 4F Expression analysis of representative zone 1-enriched genes showed that several genes were significantly differentially expressed between the 3 fractions of hepatocytes, including Asl (P ¼ .0495), Ass1 (P ¼ .027), and G6pc (P ¼ 1.1 Â 10 -4 ) ( Figure 5 , top), but these differences were much smaller than those observed for zone 3-enriched genes ( Figure 4C ). As expected, nonmonotonic genes were expressed almost evenly throughout the 3 fractions ( Figure 5 , middle). By contrast, the expression levels of zone 2-enriched genes Hamp (P ¼ 2.1 Â 10 -4 ) and Igfbp2 (P ¼ 3.6 Â 10 -4 ) were lower in 2c hepatocytes than in the other 2 fractions ( Figure 5 , middle). These results strongly suggest that 2c hepatocytes are enriched in zone 3.
Some LPC Marker Genes Are Expressed Differentially According to Ploidy Status
One question yet to be fully addressed is whether any specific subpopulation(s) of hepatocytes have stem/progenitor cell-like characteristics. Previous works have identified putative resident LPCs that are characterized by specific marker genes (eg, Afp, Epcam, and Prom1/Cd133) (reviewed by Miyajima et al 21 ). Furthermore, several groups recently identified subsets of hepatocytes that phenotypically show LPC-like features, 6, [22] [23] [24] while other groups have reported that mature hepatocytes have the capacity to be reprogrammed into LPCs. [25] [26] [27] [28] [29] [30] In particular, Wang et al 6 recently reported that Axin2-positive pericentral hepatocytes, which contribute to hepatocyte turnover under physiological conditions, are enriched in 2c hepatocytes. Our analysis of zone 3-enriched genes showed that 2c hepatocytes showed a slightly but significantly higher expression of Axin2 (P ¼ .024) compared with the other hepatocyte populations ( Figure 4C ). In addition, other genes, including 
Dissecting 2c and 4c Hepatocyte Heterogeneity at the Single-Cell Level
Microarray transcriptome analysis provided insight into the association between ploidy status and hepatic phenotype, but we were unable to determine whether the differences observed in the bulk analysis were attributable to global (averaged) differences between these fractions or to subpopulations that behave in a very different manner relative to the majority of the population. This question is particularly important when considering the existence of LPCs, which are supposed to be a rare population.
To examine the heterogeneity of hepatocytes from the point of view of different ploidy status, we performed scPCR analysis on FACS-sorted primary hepatocytes. To avoid contamination with doublet cells, we used the Fluidigm C1 system (Fluidigm, South San Francisco, CA), which is designed to capture cells with diameters ranging between 17 and 25 mm. Because the majority of 8c hepatocytes were larger than 25 mm ( Figure 6A ), the maximum diameter valid in the C1 platform, we excluded 8c hepatocytes from the scPCR analysis and focused on comparing 2c and 4c hepatocytes. We prepared a TaqMan probe set (Applied Biosystems, Beverly, MA) targeting 47 genes and 1 negative control (no probe added): these probes included 2 housekeeping genes, general hepatic marker genes, zone-related genes, biliary epithelial cell (BEC) marker genes, and LPC marker genes (Table 1 ). Because some of the LPC marker genes also are expressed by BECs, we first compared hepatocytes with the nonparenchymal cell (NPC) fraction, which contains BECs. We confirmed that 10 of 96 NPCs analyzed expressed Krt19, a definitive BEC marker, whereas only 2 of 337 hepatocytes, both of which were 2c, showed Krt19 expression, which was lower than that in Krt19þ NPCs ( Figure 6B ). In particular, 5 of 10 Krt19þ NPCs expressed Gstp1 and Sox9, which also are BEC markers, and thus we regarded these 5 NPCs as BECs. PCA of these 5 BECs and the 337 hepatocytes clearly discriminated the BECs from the hepatocytes ( Figure 6C ). Indeed, except for Krt7, which was not detected in our experiment and thus was excluded from the analysis, almost all of the BEC marker genes were expressed exclusively in BECs ( Figure 6B ). Accordingly, BECs showed no or much lower levels of expression of hepatocyte marker genes ( Figure 6B ). Importantly, the earlier-mentioned 2 Krt19-positive 2c hepatocytes were confirmed to be authentic hepatocytes because they showed robust expression of hepatic marker genes (eg, Alb, Ttr, and G6pc). A correlation heatmap for whole genes (43 genes, except Krt7, Afp, and Ncam1, which were expressed in <1% of analyzed cells) showed that the expression profiles of BEC/LPC markers and hepatocyte markers were clearly different ( Figure 6D ). Thus, we conclude that both the 2c and 4c hepatocytes investigated in this study were not contaminated with BECs.
By using 92 2c hepatocytes and 245 4c hepatocytes, we compared the expression levels of zone-related genes. A correlation heatmap of BEC/LPC makers (except Krt19, Gstp1, and Spp1, which were expressed in <1% of hepatocytes) and hepatic marker genes with zone information showed that hepatic genes were clustered in a zonedependent manner ( Figure 6E ). Consistent with the observations from the bulk transcriptome, we confirmed that 2c hepatocytes showed higher expression levels for most of the zone 3-enriched genes ( Figure 7A , middle). 18 Specifically, 94.6% of 2c hepatocytes expressed Glul, whose expression is sharply localized in proximity to the central vein, whereas only 58.8% of 4c cells expressed this gene. Accordingly, the zone 1-enriched genes Alb 15 ), and Tat (P ¼ 2.5 Â 10 -29 ) were expressed consistently at lower levels in 2c hepatocytes ( Figure 7A , bottom left). We also confirmed that nonmonotonic genes were expressed at relatively similar levels in 2c and 4c hepatocytes ( Figure 7A , bottom left). We also investigated the expression of LPC marker genes, including Epcam, Icam1, Lgr5, Notch2, Prom1, and Tbx3. Consistent with the bulk transcriptome results, Epcam (P ¼ .029), Prom1 (P ¼ .013), Tbx3 (P ¼ 1.0 Â 10 -5 ), and Axin2 (P ¼ 2.1 Â 10 -6 ) were expressed at higher levels in 2c than in 4c hepatocytes ( Figure 7A , bottom right, see middle for Axin2). In addition, we found that a small number of cells expressed Lgr5, whose expression levels were very low in the bulk microarray ( Figure 5 , bottom), presumably because the majority of hepatocytes, irrespective of their ploidy status, do not express this gene. 31 Hierarchical clustering of the 40 genes expressed in at least 1% of the total cells analyzed (!4 cells) clustered the 2c and 4c hepatocytes into distinct groups ( Figure 7B , lower column side bar). As highlighted in the upper column side bar (see the purple-colored cluster on the far left), the 2c hepatocyte-rich subpopulation showed higher expression of multiple LPC markers including Axin2, Prom1, and Lgr5 ( Figure 7B , upper column side bar).
PCA of Single Cells Using Zonation and LPC Signature
We next visualized each of the analyzed cells by PCA and confirmed that the 2c and 4c hepatocytes form distinct populations ( Figure 8A ). Loading these PCA plots with the expression levels of zone-associated genes indicated that 2c hepatocytes have a pericentral expression signature ( Figure 8B-D) . Some of the 4c hepatocytes expressed zone 3 marker genes, including Axin2, Cyp7a1, and Nr1i3 ( Figure 8B, dotted ellipses) , showing that not only 2c but also 4c hepatocytes distribute to zone 3.
However, the highest expression levels of Glul, Cyp1a2, and Cyp2e1 were almost restricted to the 2c cells ( Figure 8B, solid ellipses) . Indeed, the top 10% of cells ranked according to Glul expression level (34 of 337 cells) were 2c hepatocytes. Convincingly, cells with the highest expression of Glul showed lower expression levels of zone 1-enriched genes such as Alb, Ass1, G6pc, Pck1, and Tat ( Figure 8C, solid ellipses) . On the other hand, the subpopulation of 4c hepatocytes with partial expression of zone 3 marker genes also exhibited high expression levels of zone 1-enriched genes ( Figure 8C , dotted ellipses). Compared with zone 1-and zone 3-enriched genes, we confirmed that 2c-enriched/nonmonotonic genes showed similar levels of expression among the analyzed cells ( Figure 8D ).
As described earlier, hierarchical clustering showed a 2c hepatocyte-rich subpopulation that was enriched with cells expressing Axin2, Prom1, and Lgr5 ( Figure 7B Figure 9C for detailed co-expression profiles), confirming that the TP population is highly enriched among 2c hepatocytes.
We further explored the expression profiles of all of the LPC markers, including Lgr5, Axin2, Prom1, Epcam, Icam1, Sox9, and Notch2 in the TP population. We found that the TP population also was enriched for Epcam, Icam1, and Tbx3 ( Figure 9B ). By contrast, these cells did not express Sox9 ( Figure 9B ). Sox9 expression is reported to be limited to a subpopulation of zone 1 hepatocytes called "hybrid hepatocytes." 23, 32 Thus, the TP population can be regarded as a population distinct from hybrid hepatocytes. We also confirmed that all of the TP population cells (14 of 14) expressed Glul, strongly suggesting that these cells are localized to the pericentral region. Indeed, Planas-Paz et al 33 recently reported that, in mice, Lgr5 messenger RNA expression was observed preferentially in pericentral hepatocytes. 18 we referred to Supplementary Table 3 in their article. We defined genes with zonation as those with a P value (Kruskal-Wallis) < .01. Genes with their expression peak in layers 1-3, 4-6, and 7-9 were defined as zone 1, zone 2, and zone 3 markers, respectively.
Mononucleated 4c Hepatocytes Are More Zone 3-Enriched Than Binucleated 4c Hepatocytes
Finally, we investigated whether nuclearity affects the gene expression profiles of 4c hepatocytes. A recent study examined the difference in metabolic capacity between mononucleated and binucleated hepatocytes. 34 In the present study, we asked whether zonation varies between mononucleated and binucleated 4c hepatocytes. Taking advantage of the single-cell-capturing ability of the C1 platform, we annotated 175 4c hepatocytes with mononuclear or binuclear states ( Figure 10A ). PCA mapping of 106 mononucleated and 69 binucleated hepatocytes did not show a clear separation ( Figure 10B ). However, individual comparison of the expression levels of zonation-related genes showed that mononucleated 4c hepatocytes expressed zone 3-enriched ( Figure 10C , middle) and zone 1-enriched ( Figure 5C , bottom left) genes at higher and lower levels, respectively, than binucleated hepatocytes, while nonmonotonic genes were mostly expressed evenly ( Figure 10C , top row). Except for Tbx3 (P ¼ 7.9 Â 10 -5 ), most LPC marker genes were not expressed differentially between mononucleated and binucleated 4c hepatocytes ( Figure 10C, bottom right) . Tbx3 is a downstream gene in the Wnt signaling pathway similar to Axin2, and therefore its expression supports the idea that mononucleated 4c hepatocytes are enriched in zone 3. 35 Despite this finding, the zonal signature is much more clearly distinguishable between 2c and 4c hepatocytes (Figure 11 ).
Discussion
This study provides new insights into hepatocyte heterogeneity, namely 2c hepatocytes are preferentially localized to the pericentral region; and a subpopulation of 2c hepatocytes show LPC-like features in terms of LPC marker expression (Axin2, Prom1, and Lgr5).
In a previous study, Lu et al 36 reported no major differences in the gene expression patterns between mouse hepatocytes of different ploidy. Inconsistencies between their observations and ours might derive from differences in, first, the analyzed probe numbers: approximately 12,000 probes (designed based on the information available in 2002) were included in the Lu et al 36 study, whereas approximately 45,000 probes were used in our study; and, second, the microarray platforms: Lu et al 36 used the Affymetrix (Santa Clara, CA) platform, whereas we used the Agilent platform. However, we confirmed that the differentially expressed genes reported by Lu et al 36 also were expressed differentially in our study. Eleven of the 75 probes that correspond to the 56 genes identified as being expressed differentially by Lu et al 36 also were identified as expressed differentially in the present study (P < .05, RM 1way ANOVA). The P values for these 75 probes were significantly lower than those of the whole 35,852 probes (P ¼ 1.2 Â 10 -4 by the Wilcoxon test) (Figure 12 ), confirming, at least partly, consistency between the observations of Lu et al 36 and those described here. In addition, we confirmed the enrichment of cell cycle-related genes in 8c hepatocytes, which is consistent with the established notion that polyploidy is formed via cell division failure. Thus, we believe that our analysis successfully identified characteristic features of hepatocytes with different ploidy statuses.
Zonal localization of hepatocytes with different ploidy statuses is an unresolved issue in the field. Our bulk transcriptome and scPCR analysis consistently showed that 2c hepatocytes are localized preferentially to the pericentral region. Specifically, scPCR showed that the hepatocytes with the highest expression levels of Glul, one of the most stringent pericentral marker genes, were almost exclusively 2c. The proposition of Wang et al 6 that pericentral hepatocytes are enriched among 2c hepatocytes is consistent with ours. However, their finding does not necessarily indicate that 2c hepatocytes are located in the pericentral region, whereas the present study directly showed that 2c hepatocytes are localized preferentially to the pericentral region. At the same time, the finding that 2c hepatocytes show zone 3-enriched features was surprising because it is widely accepted that diploid hepatocytes are enriched in the periportal region and polyploid hepatocytes are enriched in the pericentral region. 5, [10] [11] [12] [13] At present, we cannot resolve this discrepancy, but one possible explanation is the methodology-dependent bias of isolated hepatocytes. In the present study, to avoid contamination with BECs, we used a stringent hepatocyte enrichment protocol in which digested whole-liver cells were subjected to sequential centrifugation steps (57 Â g for 1 min, 2 cycles) and then separated further using Percoll density gradient centrifugation (see the Materials and Methods section). Our method highly enriches mature hepatocytes but, in turn, possibly loses a minor fraction of smaller hepatocytes, the so-called "small hepatocytes," which are found in both parenchymal and nonparenchymal fractions. 37 Indeed, in this study, the 2c fraction accounted for approximately 5.4% ± 2.2% (means ± SD, n ¼ 16 rats aged between 5 and 14 weeks) of total hepatocytes. This is lower than the widely accepted percentage of 2c hepatocytes: it generally is accepted that approximately 10%-15% of hepatocytes are diploid in rats and mice. 3, 5 We cannot rule out the possibility that, in our experiments, some of the 2c hepatocytes were lost. Nonetheless, it still is noteworthy that a substantial number of 2c hepatocytes showed zone 3-enriched characteristics. Moreover, unlike previous studies in which conclusions were drawn based on histologic analyses, this study provides novel insights from the transcriptomic perspective.
This study also provides novel insights into LPC biology. It remains controversial whether the liver has resident stem/progenitor cells. Our scPCR study does not provide direct evidence for their existence but shows instead that 2c hepatocytes are more enriched in well-established LPC markers than 4c hepatocytes. In particular, our data suggest that these progenitor-like cells have a hierarchy in which Lgr5 þ Prom1 þ Axin2 þ TP cells reside at the top (at least according to the gene set used here). On the other hand, because the sample size in this study was small, in particular for the TP population (11 of 92 and 3 of 245 cells for 2c and 4c populations, respectively), we have to be careful about the conclusion. In addition, our single-cell analysis was based on a limited panel of genes, thereby leaving the . The ploidy status of TP population cells is indicated in green (2c) and blue (4c) (lower left). Expression levels for all of the analyzed LPC marker genes are shown (right). In panels with asterisks, some cells were excluded from the analysis because their inclusion reduced the resolution of the expression profiles for the designated genes. Complete mapping of these genes is shown in Figure 8E possibility that we have missed other LPC markers that would further dissect the hepatocyte population. Further exploration will require single-cell RNA sequencing with a larger sample scale. Nonetheless, we propose that this study provides a wealth of transcriptomic data and provides some novel insights about localization and function of the heterogeneous population of hepatocytes, which can be tested in the future. Finally, we clarify the limitation of the present study. First, given the interspecies difference in ploidy profile of hepatocytes, the relevance of our findings here is not applicable simply to human liver biology. The degree of liver polyploidization varies between mammals: although 80%-97% 9, 34, [38] [39] [40] and 70%-95% [41] [42] [43] [44] of adult mouse and rat hepatocytes are polyploid, respectively, only 10%-40% of adult human hepatocytes are polyploid. [45] [46] [47] Strikingly, although polyploid hepatocytes become the majority within a week after weaning in rodents, polyploid cells generally do not exceed 15% in 20-year-old human beings. These reports collectively suggest that the role division that might be provided by the ploidy heterogeneity is different between rodents and human beings. Further study with the use of freshly isolated human hepatocytes will be required.
Materials and Methods
Rats
Animal experiments in this study were performed in compliance with the guidelines of the Institute for Laboratory Animal Research of the National Cancer Center Research Institute. The protocol was approved by the Committee on the Ethics of Animal Experiments of the National Cancer Center Research Institute. Rats were housed in specific pathogen-free facilities on a 12-hour light/dark cycle and were given food and water ad libitum. All animals used in this study were female Wistar rats aged between 5 and 14 weeks (CLEA Japan, Shizuoka, Japan). Details regarding the animals used in the study are described for each part of the experiment in the Materials and Methods section.
Isolation of Rat Adult Hepatocytes
Adult rat hepatocytes were isolated from using the procedure described by Seglen 48 with minor modifications (for details, see Katsuda et al 49 ) . Briefly, after preperfusion with Ca 2þ -free Hank's/ethylene glycol-bis(b-aminoethyl ether)-N,N,N 0 ,N 0 -tetraacetic acid solution through the portal vein, the liver was perfused with approximately 400 mL Hank's solution containing 0.05% collagenase at 25-30 mL/ min. The extracted liver was mechanically digested with a surgical knife and then enzymatically digested in a mixture of 0.05% collagenase solution and 20 mL E-MEM (Sigma, St. Louis, MO) at 37 C for 15 minutes. The digested liver then was filtered twice through a sterilized cotton mesh (singlefolded and then double-folded). The cell suspension was aliquoted into two 50-mL tubes, which then were filled with E-MEM, and the cells were collected via centrifugation at 57 Â g for 1 minute. After resuspension in a 50 mL/tube E-MEM, large-cell aggregates were eliminated by filtering the cell suspension through a 60-mm stainless double-mesh cell strainer (Ikemoto Scientific Technology Co, Ltd, Tokyo, Japan) and the cells were collected by centrifuging the filtrate at 57 Â g for 1 minute. Next, the cells were resuspended in 24.5 mL/tube complete Percoll medium ( 
Isolation of BEC-Enriched NPCs
NPCs were isolated from 7-week-old rats as described previously. 50, 51 Briefly, we harvested bile duct containing remnant tissue after 2-step collagenase perfusion of an adult rat liver as described earlier. Then, the remnant tissue was digested by shaking at 37 C for 30 minutes in Leibovitz L-15 medium (Invitrogen, Carlsbad, CA) supplemented with 400 U/mL collagenase (Wako, Tokyo, Japan), 700 U/mL hyaluronidase (Sigma-Aldrich), 10 -7 mol/L insulin, and 10 -7 mol/L dexamethasone. After filtration with a 40-mm cell strainer (BD Biosciences, Franklin Lakes, NJ), the cells were collected by centrifugation at 800 Â g for 10 minutes. Then the pellet was resuspended in Dulbecco's modified Eagle medium (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen) and centrifuged twice at 800 Â g for 5 minutes. Purified NPCs were captured by the C1 Auto Prep system and analyzed by scPCR.
FACS of Hepatocytes With Different Ploidy Statuses
To fractionate the 2c, 4c, and 8c hepatocytes, FACS-based single-cell isolation was performed according to a previously described protocol. 39 Briefly, rat hepatocytes harvested from 5-to 14-week old rats were suspended in 10% fetal bovine serum-Dulbecco's modified Eagle medium supplemented with 15 mg/mL Hoechst 33342 and 5 mmol/ L reserpine and incubated at 37 C for 10 minutes. After the addition of 5 mg/mL propidium iodide (BD Biosciences), the cells were sorted using a FACSAria II or FACSAria III (BD Biosciences).
Colony Formation Assay of Single 2c, 4c, and 8c Rat Hepatocytes
Hepatocytes harvested from 5-to 8-week-old rats were sorted into 96-well collagen-coated plates filled with 100 mL/well of Dulbecco's modified Eagle medium/F12 (Life Technologies) containing 2.4 g/L NaHCO 3 and L-glutamine, which was supplemented with 5 mmol/L HEPES (Sigma), 30 mg/L L-proline (Sigma), 0.05% bovine serum albumin (Sigma), 10 ng/mL epidermal growth factor (Sigma), insulin-transferrin-serine-X (Life Technologies), 10 -7 mol/L dexamethasone (Sigma), 10 mmol/L nicotinamide (Sigma), 1 mmol/L ascorbic acid-2 phosphate (Wako), an antibiotic/ antimycotic solution (Life Technologies), and 3 small molecules: 10 mmol/L Y-27632 (Wako), 0.5 mmol/L A-83-01 (Wako), and 3 mmol/L CHIR99021 (Axon Medchem, Reston, VA). On day 1, the cell and nuclei number for each well was determined, and wells that contained dead cells and, in the 8c plates, cells greater than doublets were excluded from Figure 12 . Analysis of genes that were reported to be expressed differentially among hepatocytes with different ploidy status. P values were calculated by RM 1-way ANOVA using 2c, 4c, and 8c hepatocytes (n ¼ 5 experiments) for 75 probes, which correspond to the 56 differentially expressed genes reported by Lu et al 36 and compared with the P values for whole probes (n ¼ 75 probes for Lu et al 36 ; n ¼ 18,021 probes for whole probes). further analysis. Ten days after seeding, cells from each of the formed colonies were counted manually.
Microarray Analysis
Hepatocytes isolated from 5 rats aged between 5 and 14 weeks were used. A 1-color microarray-based gene expression analysis system (Agilent Technologies, Santa Clara, CA) using the SurePrint G3 Rat GE 8 Â 60 K Kit (G4853A) was used following the manufacturer's instructions. Normalization was performed using Agilent GeneSpring version 12.6.1 (per chip: normalization to 75th percentile shift; per gene: normalization to the median of all samples). Probes with signal values lower than 5 in average (75 of total signal value for the 15 samples) were excluded from further analysis. The intensity values were log 2transformed, and RM 1-way ANOVA was performed using the lmne R package to identify differentially expressed genes. Probes with P values less than .05 were regarded as differentially expressed. Unsupervised clustering was performed using the heatmap.2 or heatmap.3 R package. PCA was performed using the prcomp R package, and mapped with the ggplot2 R package. Pathway analysis was performed using the clusterProfiler R package. 52 Measurement of Cell Diameter of 2c, 4c, and 8c Hepatocytes FACS-sorted hepatocytes isolated from a 9-week-old rat were sparsely loaded into a hemocytometer and imaged with a Keyence BZX-710 camera (Keyence, Osaka, Japan). Cell area was calculated using the Hybrid Cell Count program (Keyence). Cell diameter was determined using the following equation: 2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðarea=pÞ p .
Capturing Single Cells
Single-cell capture, lysis, and RT pre-amplification experiments were performed using the C1 Auto Prep System (Fluidigm, South San Francisco, CA) according to the manufacturer's instructions. Isolated hepatocytes and NPCs were loaded into the C1 integrated fluidic circuit at a concentration of 300 cells/mL in phosphate-buffered saline containing 5% fetal bovine serum and 5 mmol/L of EDTA (Nacalai Tesque, San Diego, CA). Once cell capture was archived, cells were assessed for viability stain using Calcein-AM and ethidium homodimer 1 (Live/Dead Kit; Life Technologies). Chips were imaged using a BZ-X710 and chambers containing 2 or more, none, or dead cells were removed from further analysis. After lysis, reverse transcription (25 C for 10 min, 42 C for 60 min, 85 C for 5 min) and pre-amplification for 18 cycles (each cycle: 95 C for 15 sec, 60 C for 4 min), single-cell complementary DNA was harvested, transferred to a 96-well plate, and diluted 6 times with complementary DNA dilution buffer.
Single-Cell scPCR
For this study, hepatocytes isolated from 5-to 7-weekold rats were used. Single-cell gene-expression experiments were performed using Fluidigm's 96.96 or 48.48 quantitative PCR DynamicArray microfluidic chips (Fluidigm) according to the manufacturer's instructions. Individual probe assay mixes were generated by loading 2.5 mL of 2Â Assay Loading Reagent (Fluidigm) and 2.5 mL 20Â TaqMan gene expression assay (Applied Biosystems, Beverly, MA). Sample mixes were generated by 2.5 mL 2Â TaqMan Universal PCR Master Mix (Applied Biosystems), 0.25 mL of 20Â GE Sample Loading Reagent (Fluidigm), and 2.25 mL of diluted complementary DNA. Plates were vortexed and centrifuged to homogenize the solutions. Before loading probe assays and sample mixes into 96.96 or 48.48 DynamicArray microfluidic chips, chips were primed in a HX integrated fluidic circuit controller (Fluidigm) machine. After priming, 5 mL of both sample and probe mix were loaded individually in the same machine. Then, chips were transferred into the BioMarkHD real-time quantitative PCR (Fluidigm) and run according to the manufacturer's instructions. Expression levels were normalized with Actb.
Statistics
When comparing 2 means, P values were calculated by the Welch t test unless otherwise mentioned. Paired comparisons for more than 2 means was conducted using RM 1way ANOVA, followed by the Holm multiple comparisons test. Unpaired comparisons for more than 2 means were conducted using 1-way ANOVA, followed by the Tukey multiple comparisons test.
Accession Numbers
The microarray data are deposited in GEO under accession number GSE132409. The raw data of scPCR (cycle threshold values) are deposited in GEO under accession number GSE132459.
